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A superconducting quantum interferometer device (SQUID) electronics with tank 
frequencies near 150 MHz was constructed to enhance the rf SQUID sensitivity. By these 
means we characterized our YBa,CusO, thin-film rf SQUIDS with step-edge junctions 
immersed in liquid NZ. We obtained transfer function values of over 40 ,LLV/$, at a 50 fl 
input impedance, for both hysteretic and dispersive mode of rf SQUID operation. 
The rms white and l/f flux noise levels were significantly lower than at the tank frequency 
of 20 MHz. The best magnetic field sensitivity at 77 K was 0.9 PT/Hz”~, and the 
energy resolution 1.4X 10 - 28 J/Hz, down to 0.3 Hz. 
We have been investigating rf SQUIDS with step-edge 
junctions fabricated from epitaxial YBa2Cu307 (YBCO) 
thin films and capable of operating at 77 K. Such rf 
SQUIDS were first reported by Daly et a(. ’ and Cui et a(. 2 
Several groups of authors have also been investigating dc 
SQUIDS with step-edge junctions.3-6 Daly et al.* and 
Yoshii et al3 observed that step-edge-junction devices are 
capable of relatively low l/f noise performance. The ob- 
served noise level was, in fact, comparable to that of dc 
SQUIDS with grain-boundary junctions on bicrystal 
substrates.7 Our study of single step-edge microbridges has 
shown that their characteristics are very similar to those of 
grain-boundary junctions8 We have also shown there that 
the l/f noise of our rf SQUIDS, observed below 100 Hz, 
was dominated by the I/f noise in these junctions, as in the 
bicrystal dc SQUID. 
Here we report on recent results of our work aimed at 
constructing a low l/f noise rf SQUID multipurpose mag- 
netometer operating at 77 K. For comparison of sensitivity 
data we refer to the recently published data of an inte- 
grated “flip-chip” dc SQUID magnetometer with a multi- 
turn coil flux transformer.’ 
The fabrication of our step-edge junctions and rf 
SQUIDS was described in Refs. 2 and 8. The test chips 
used here consisted of epitaxial YBCO hlms pulsed-laser 
deposited on 10X 10 mm (100) SrTi03 substrates having 
ion-beam etched steps and pits at appropriate locations. 
The film thicknesses, d, and the step heights (pit depths), 
h, were between 130 and 200 nm with the d/h ratio equal 
either 1 or 2/3. The central area of the test chip was oc- 
cupied by four rf SQUID washers arranged into a square 
with 0.5 mm spacings between them. Each 1.4.X 1.4 mm 
washer contained two step-edge junctions in series since its 
10 pm long microbridge was positioned over a local 5 ,um 
wide pit in the substrate. In a fabricated chip, the micro- 
bridge width was typically 2.0-2.5 pm. Each washer’s hole 
was 100X 100 pm corresponding to a SQUID geometrical 
inductance of approximately L., = 125 pH. Four single mi- 
crobridges over steps, and a reference bridge without any 
step, were also positioned on the chip. The I-V character- 
istics of step-edge junctions on the chip were ~of RSJ-type.’ 
At 77 K, their product of critical current and normal re- 
sistance was I$, < 100 ,uV. 
In our past work, we used standard rf-SQUID elec- 
tronics, e.g., the BTI model 330 operating at about 20 
MHz. To improve the rf SQUID sensitivity, one can in- 
crease the tank frequency, w,+ The value of the transfer 
function, dV/d@=otiLT/M, where LTis the inductance of 
the tank circuit and M the mutual inductance, is thus in- 
creased and the intrinsic noise decreased.” To this effect, 
we constructed a read-out electronic circuit operating at 
an, approximately, 150 MHz tank frequency. To permit 
one to use arbitrary transmission line lengths, a 50 R input 
impedance was chosen. The higher impedance of the tank 
circuit was matched to the 50 fi line by means of a capac- 
itive tap, as shown in Fig. 1. The values of tank circuit 
inductances and capacitances are indicated there. The 
value of C2, chosen to give a high return loss, was deter- 
mined experimentally using a network analyzer. A return 
loss of 10 db or better was sufficient to obtain an optimum 
SQUID signal. The rf choke L’ made it possible for dc 
currents of the flux-locked loop to bypass Cr. 
A free running variable frequency ( 120-l 80 MHz) os- 
cillator was used since the resonant frequency of the tank 
circuit could not be changed. For different SQUIDS, a dif- 
ferent value of C2 had to be chosen. The tank circuit qual- 
ity factor was Q=40-60, as measured with a network an- 
alyzer. This was a factor of about two higher than in 20 
MHz tank circuits. The improvement in Q was due to the 
fact that the transmission line capacitance does not add to 
that of the tank circuit, thus resulting in a more favorable 
L/C ratio. Additionally, a somewhat larger wire diameter 
was used in the tank circuit coil, thus reducing ohmic 
losses. No thermal noise generated in this normal-conduct- 
ing coil could be observed. Following a broadband 60 db 
signal amplification, synchronous detection was used in- 
stead of the conventional envelope detection, in order to 
reduce the overall noise bandwidth of the read-out elec- 
tronics. A comparison of sensitivity and noise data ob- 
tained with this and the conventional 20 MHz electronics 
will be shown below. 
We tested the 150 MHz circuit by measuring several rf 
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FIG. 1. A schematic diagram of the 150 MHz tank circuit. The q 
represents a capacitance value determined experimentally for each rf 
SQUID sample. 
FIG. 3. Flux and field’noise spectrum of a low l/f noise rf SQUID with 
2 step-edge junctions in series, measured at the tank frequency of 150 
MHz. 
SQUIDS having at 77 K a flL= 2rI&/ a0 < 1 and output 
signals so low that at 20 MHz the flux-locked loop mode in 
the BTI 330 electronics could not function. At 150 MHz, 
however, we obtained dV/d@ > 40 ,uV/@u, as in SQUIDS 
with flL, 1. Operation in the flux-locked loop mode pre; 
sented no difficulties. Indeed, at 150-160 MHz, with the 
measured mutual and tank inductances of M= 1 nH and 
LT = 0.3 pH, ,we have fulfilled the requirement for an op- 
timum dV/d@: k2Q> 1, where k=M/(L,L,) 1’2 is the cou- 
pling coefficient. 1’ This requirement could not be met at 20 
MHz. Figure 2 shows the typical rf SQUID output signal 
at 150 MHz tank frequency for two modulating field in- 
tensities. Note that the signal envelope exhibits a very weak 
modulation with a period of, approximately, lOOG+,. This 
modulation period corresponds to that of an inhomoge- 
neous step-edge junction which can be represented by an 
equivalent dc SQUID with a loop area of the order of 1 
,um2 and a corresponding field focusing coefficient of the 
chip structure (discussed below). The weakness of modu- 
lation indicates that the double -step-edge junction itself 
was relatively homogeneous. 
Measurements of flux noise spectra S,(f) at 77 K 
-have been, performed using the HP3562A Dynamic Signal 
Analyzer, whereby the rigidly mounted SQUID chip probe 
was immersed in liquid nitrogen contained ‘within a mu- 
metal-shielded, low-self-noise fiberglass dewar. Spectral 
data were averaged over 5-10 spectral samples so that the 
measurement times for one spectrum were up to 2 h. We 
stress the importance of mechanical stability of such a 
setup since in inhomogeneous magnetic fields any motion 
or vibration due, e.g., to boiling N, gives rise to an addi- 
tional flux noise at’ low frequencies. Using the 150 MHz 
electronics, we obtained for all tested SQUIDS a white 
noise rms level between 0.8X,10e4 and 1.5x 10d4 
@eHz- 1’2. In- most of the tested SQUIDS, we found the 
l/f noise submerged by white noise at frequencies of 1 Hz 
and above. Figure 3 shows a noise spectrum of a sample 
exhibiting a particularly low l/f noise. The crossover from 
l/f to white noise of 8-9 X 10 - 5 @sHz - 1’2 occurs at 0.3 
Hz, approximately. The corresponding energy resolution 
at this frequency is 1.4~ 10 - 28 J/Hz. 
We. have compared flux noise levels in. hysteretic 
SQUID samples (BL> 1) at tank frequencies of 
w&2a = 20 and 160 MHz. An example of results is shown 
in Fig. 4, for a sample different from ,that of Fig. 3. In a 
variety of investigated samples, the white noise Sg2 (f) at 
160 MHz was lower than at 20 MHz by a factor of 2-4. 
The l/f noise was similarly reduced. It follows, from rf 
SQUID noise theory” that SF(f) for a statistically ran- 
dom noise should scale with l/wz2.We can thus expect the 
white noise Sg2(f) measured at 160 MHz to be 2.8 times 
lower than at 20 MHz. The experimental results are in a 
reasonable agreement with this expectation. A similar be- 
FIG. 2. Typical output signal of rf SQUID at 77 K and two modulating havior of l/f noise suggests that -it is also a statistically 
field intensities. ‘Measurement bandwidth is, approximately; 200 kHz. random effect. We are thus tempted, to believe that the l/f 
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FIG. 4. Comparison of flux noise spectra in a rf SQUID structure (dif- 
ferent from that of Fig. 3) measured at tank frequencies of 20 and 160 
MHZ. 
noise is dominated by random current and resistivity fluc- 
tuations in the step-edge junctions, similar as in dc 
SQUIDS with grain boundary junctions on bicrystal 
substrates.12 The sample-to-sample scatter in l/f Sg2(f) 
scaling was larger than in white noise scaling. This could 
be due to the reduction in measurement accuracy at the 
low end of the noise spectrum, i.e. between 1 and 0.1 Hz, 
caused by insufficient. averaging. 
By a direct calibration with external single-turn coils, 
the field-flux transformation coefficient of our SQUIDS was 
determined to be 9.8 X 10 - 9 T/Q>,. The resulting field 
noise calibration is also given in Fig. 3. At 77 K, the white- 
noise-limited field sensitivity of the SQUID of Fig. 3 was 
0.9 pTHz - 1’2 down to 0.3 Hz. At frequencies below 10 
Hz, which are important, e.g., in biomagnetic applications, 
this compared rather favorably with the field sensitivity of 
the integrated dc SQUID magnetometer.’ This sensitivity 
was 0.6 pTHz - 1’2 at 10 Hz and proportional to l/f 1’2 up 
to, at least, 100 Hz. At that frequency, the dc SQUID 
magnetometer was thus by a factor of 3-4 more sensitive 
than ours. We realize that also at low frequencies the sen- 
sitivities of large focusing washer SQUIDS will, ultimately, 
not be able to match those of integrated SQUIDS with 
multiturn input coils. However, we were able to show that 
a technically meaningful sensitivity level can also be at- 
tained in simple planar rf SQUID structures. 
The effective area of the SQUID pickup loop was 
found to be A,, = 2.1 X lo5 pm2, a factor of 2 1 higher than 
that of the geometrical area A = lo4 pm”. This flux focusing 
coefficient was 40% higher than that calculated for an iso- 
lated single washer.13 The stronger than calculated focus- 
ing effect was caused by the neighboring SQUID and 
bridge structures on the chip. Measurement on two single 
washers which were cut out from the chip showed an ex- 
cellent agreement with calculations. Although flux focus- 
ing increases only slowly with the washer area, this agree- 
ment permits us to expect flux focusing coefficients of over 
100 for a single 10X 10 mm’ chip, and even higher with 
adjoining thin-film focusing elements. 
In conclusion, using step-edge YBCO junctions and a 
tank frequency of, approximately, 150 MHz, we demon- 
strated the feasibility of a simple rf-SQUID magnetometer 
operating at 77 K with a sensitivity of up to 0.9 pTHz ~ 1’2 
at 0.3 Hz. The simplicity of planar rf-SQUID structures 
makes our approach attractive. The sensitivity of such pla- 
nar rf SQUIDS could be further increased, by up to an 
order of magnitude, through further increases in both the 
tank frequency and the focusing structure area. 
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